The authors show that at high intensities, a fibre Bragg grating converts an input pulse into a pair of soliton-like output pulses. This could form the basis of a distributed feedback pulse generator or reshaper with applications in all-optical communications.
Introduction: Fibre gratings are important components in optical communication systems. All grating-based devices which have been demonstrated to date have relied on the linear properties of the grating. Recently, we have observed nonlinear compression and the formation of Bragg grating solitons [l, 21 in gratings, which rely on the nonlinearity of the glass. The soliton effects occur at around 10GW/cm2, where the intensity is sufficient to balance the strong dispersion of the grating. At higher intensities we observe additional phenomena which we discuss here. In this Letter, we report the first observation of pulse splitting and the formation of multiple soliton pulses in a fibre grating; we explain these results in terms of a modulational instability. This could form the basis of a pulse reshaper or pulse generator device with applications in future all-optical communication systems.
Background: In optical fibres, modulational instabilities rely on the interplay between the weak anomalous dispersion provided by the glass, and the nonlinear refractive index, and can lead to the spontaneous break up of a CW beam into a periodic train of soliton-like pulses [3] . Now recall that a Bragg grating exhibits strong reflection for a range of wavelengths close to the Bragg wavelength. At wavelengths close to this 'photonic bandgap', where the transmission is high, a Bragg gratings also possesses strong anomalous dispersion [4] . We would thus expect modulational instabilities to occur in Bragg gratings, through the interplay of the nonlinearity and this grating dispersion. Indeed, theoretical studies by Winful [5] and de Sterke and Sipe [6] have shown that at suficiently high intensities, a CW beam incident on a grating, and tuned to a frequency inside the photonic bandgap, is converted into a train of ultrashort pulses; the self-pulsations were interpreted in terms of a modulational instability. De Sterke and Sipe [6] went on to show that associated with this pulse generation is the formation of trains of Bragg grating solitons; these propagate undistorted along the length of the grating because of the balancing of the grating dispersion and the nonlinearity. In the experiment described in this Letter we observed such modulational instabilities for frequencies outside of the reflection gap, where the required peak powers are significantly smaller. Here, the grating dispersion is tunable; this in turn affects aspects of pulse generation, such as repetition rate and width of the pulses. . Experiment: The experimental setup is shown in Fig. 1 ; see [l] for more details. Briefly, high intensity loops transform-limited pulses, generated at 1053nm by a mode-locked, Q-switched Nd:YLF laser, were coupled into the 4pm diameter core of a 35mm long uniform fibre grating using a microscope objective. After propagation, the transmitted intensity was detected using a photodiode and sampling oscilloscope (net resolution 30ps). The fibre grating was fabricated in standard germanodicate fibre using the phase mask scanning technique [7] . The transmission spectrum of the grating indicated a central wavelength, AB --1052.8nm, and bandwidth of ah = 0.2nm; the inferred index change is An = 3 x 1W.
The grating spectrum was arranged such that the incident pulse spectrum of the laser was on the short wavelength side of the reflection peak, where we have previously observed soliton effects 
Fig. 2 Experimental (left hand side) and calculated (right hand side) transmitted intensity for different values of incident intensity
Incident pulsewidth loops Figs. 2a and b show the experimental and theoretical transmitted intensity for an incident intensity of 10GW/cm2, respectively.
Note that the pulse is compressed from 100 to 50ps as a result of the interplay between the grating dispersion and the nonlinearity, as described in [l] . Numerical simulations show the formation of trains of pulses at higher intensities. Indeed, in our experiment we have observed pulse break up. Figs. 2c and d show the experimental and theoretical transmitted intensity for an incident intensity of 45GW/cm2 and in Figs. 2e and f for an incident intensity of 65GW/cmz. Note the secondary pulse, which appears on the trailing edge of the main pulse, retarded by -8Ops. Also note in Fig. 2e a third pulse on the trailing edge, which is indicative of the formation of a third soliton. Taking into account nonlinear losses, which were not included in the simulation, the qualitative agreement between experimental and theoretical results is good.
Discussion: Numerical simulations indicate that the number of solitons generated in experiments, of the type discussed here, increases with both the peak intensity and the width of the input pulse; in our experiment we only clearly observed the formation of two or three such solitons due to limitations of our laser source. In fact, generally, the simulations show that associated with the pulse splitting observed in the experiment, is the formation of trains of soliton pulses, consistent with de Sterke and Sipe [6, 81. This is illustrated in Fig. 3 which shows the calculated transmitted intensity (solid line) when the incident pulse (dashed line) has the same parameters as in the experiment, except that the duration is 200ps. In this case, the transmitted intensity consists of 7-8 short pulses, each having a duration of -1Ops.
Conclusion:
We have demonstrated that at high intensities a fibre Bragg grating converts a single input pulse into a pair of pulses. Realistic simulations reveal that this is a particular example of the more general behaviour of Bragg gratings in which multiple solitons are generated at high intensities through a modulational instability. By operating at frequencies outside of the photonic bandgap the threshold intensities are lower. Such a device could form a key component in future optical communication systems for such applications as pulse reshaping and short pulse generation. With the advent of highly nonlinear fibres, the peak intensities required to achieve the effects we have observed could be reduced. 
Low reflectance optical fibre mrrors were fabricated using inechanical splices and pieces of fibre coated at the cleaved end wth a Ti02 &electric f i When fibre mirrors of reflectance of -0 1% were produced, the insertion loss ranged from 0.055 to 0 3dB and the average insertion loss was 0.15dB
An optical fibre mirror serving as a reflector in the continuous length of the fibre has been very attractive in optical fibre communication and sensor systems. Some types of optical fibre mirrors have previously been demonstrated [1 -41. An optical fibre mirror was produced at a butt junction between a metal coated fibre and an uncoated fibre [l] . The other optical fibre mirrors configured as cleaved fibre ends separated by a small air gap [a] and as a fibre ring produced with a directional coupler [3] were made. The fusion splicing technique [4] for making a fibre mirror was reported. The mirror was fabricated by joinirg two fibres, one of which was coated on the end with -1400A of TiO, by electric arc splicing. These mirrors would not generally be suitable for deployment in a multiplexed sensor having many reflectors because of high reflectance or hgh excess losses. In this Letter, a fabrication technique is described for producing low loss and low reflectance fibre mirrors in the continuous length of singlemode fibre which can be used in a buried fibre optic multiplexed sensor for detecting intruders. The configuration of the mirror fabricated by this technique is shown in Fig. 1 . The mirror is produced using a mechanical splice and a piece of fibre coated with a TiO, dielectric film. The reflection and transmission of light can be investigated on an interface between two different optical media. When light is incident on the interface, the reflected light and the transmitted light propagate away from the interface due to the difference of refractive indices between two different optical media. The ratio of reflected light power to incident light power in case of normal inci-
where n, and n2 are the reflective indices of two different optical media. For the reflection between light in a fused silica fibre with ni = 1.46 and air with n2 = 1.00, R = 0.035 = 3.5%. This value is the basis for calculating the reflectance of a fibre mirror during fabrication.
The fabrication technique of optical fibre mirrors using the mechanical splices consists of the following procedures (Fig. 2) : fibre end preparation, end surface coating, adjustment, and splicing. Fibre end preparation begins with the removal of the fibre jacket. After removing the jacket, the end of a piece of fibre is prepared by either cleaving and a polishing technique. End surface coating is performed by coating one end surface of a piece of fibre prepared by cleaving with a TiO, film. The film is produced by sputtering in an atmosphere of 70% argon and 30% oxygen in a DC planar magnetron system. The film is also deposited on a silicon proof substrate. The refractive index and thickness of the fiim are determined from the proof substrate after coating using an ellipsometer and a surface profiler. Adjustment of the reflect-
